Experimental procedures
Titanium oxide (TiO 2 -99.9% purity, anatase phase, Aldrich), barium carbonate (BaCO 3 -99.9% purity, Aldrich) and strontium carbonate (SrCO 3 -99.9% purity, Aldrich) powders were weighed according to the stoichiometric proportion of Equation 1. The mixture was ball-milled in a high energy vibratory mill (SPEX 8000) for 6 h using a nylamid vial with 10 toughened zirconia balls (10 mm diameter) and a ball-to-powder weight-ratio of 10:1. The milled powders were uniaxially pressed in a stainless steel cylindrical die (10 mm inner diameter) using 1 GPa pressure. The green compacts were placed on top of TiO 2 substrates inside alumina crucibles (to avoid the reaction of barium oxide with the crucibles) and reactively sintered using a two-step heating program (Figure 1 ). The compacts are heated from room temperature up to 1273 K (reaction temperature) at 5 K/min and held there for 1 h. The temperature is then increased to between 1523 and 1573 K (sintering temperature) at 3.0 K/min and held there for 2 h. Finally they are cooled to room temperature at 3.0 K/min. The resulting BSTx sintered ceramics with the perovskite ABO 3 structure complied with the formula Ba (1-X) Sr X TiO 3 where X = 0, 0.1, 0.2 … 1 and were named accordingly, e.g. BST3 refers to the X = 0.3 composition. The starting powders, milled powders and sintered ceramics were characterized by x-ray diffraction (XRD) using a Rigaku Dmax-2100 diffractometer equipped with Co Kα radiation; scanning electron microscopy (SEM) using a Philips XL30 ESEM; transmission electron microscopy (TEM) using a JEOL 2010; micro-Raman scattering using a DILOR unit; differential scanning calorimetry (DSC) using a Mettler Toledo; and thermogravimetric analysis (TGA) using a SDTA851 Mettler Toledo. The bulk density of the sintered ceramics was determined using the Archimedes method.
(1-X)BaCO 3 + XSrCO 3 + TiO 2 Ba (1-X) Sr X TiO 3 + CO 2 (g) (1)
This fabrication method is a modification of the conventional route (solid state reaction) for the manufacture of Ba (1-X) Sr X TiO 3 ceramics. It requires less processing steps (Figure 2) , is more straightforward than other chemical processes and, most important, leads to the fabrication of high-density ceramics with very low porosity. It must be noted that the high energy milling process used allows for homogenization and particle size reduction of the starting powders. It is a more efficient process than conventional attrition, planetarium or automatic-agate milling. The milled powders were compacted using much higher pressure (~1.0 GPa) than applied using the conventional approach (~0.1 GPa). This resulted in uniform green compacts which can conduct an homogeneous chemical reaction. Finally, the thermal treatment induces simultaneous reaction and sintering (reaction-sintering, Figure 1 ) as opposed to the conventional manufacturing process where the starting powders are milled, thermally-treated to react, a second milling process is performed, and then the twice-milled powders are pressed into compacts. Finally, a second thermal treatment (sintering) densifies the compacts.
Results and discussion

Fabrication of BSTx powders
The high energy milling process significantly affects the size and shape of the starting powders, as seen in the SEM micrographs of Figure 3 . Figure 4 shows the TEM micrographs of the starting powders after milling for 6 h. A final particle size of less than 50 nm was attained for both extreme concentrations (only BaCO 3 and TiO 2 , and only SrCO 3 and TiO 2 ). The x-ray diffraction patterns for the milled BaCO 3 , TiO 2 and SrCO 3 powder mixtures are presented in Figure 5 . The main BaCO 3 peak, located at approximately 2θ = 28° is present up to X = 0.9, and the small peak at approximately 30º belongs to TiO 2 . As expected, increasing the SrCO 3 content increases the height of the SrCO 3 peak located at approximately 30º. There is a degree of amorphization due to the creation of defects in the crystal structure. Figure 6 presents the thermogravimetric analyses (TGA) curves for the same collection of samples as analyzed by x-ray diffraction ( Figure 5 ). All the curves are similar in their key characteristics. The weight loss behavior for a single sample, with X = 0.65, is shown in Figure 8 . There are four stages of weight loss centered at 403, 773, 973 and 1273 K. In the first stage, from room temperature (RT) up to 403 K, a weight reduction of approximately 1.3% occurs due to evaporation of water from the material surface. In the second stage, from 403 to 773 K, the weight loss of about 5.2% is related to the loss of chemically bound water in the form of OH groups from the BaOH that was formed when BaO combined with water during milling [BALÁZ] . This loss typically occurs between 473 and 873 K [ASIAIE]. The phenomenon of water loss has also been reported to occur in other carbonates between 593 and 723 K [DING] . The third stage, between 773 and 973 K, is not related to any structural modification of the BSTx samples. According to the literature, the decomposition of strontium and barium carbonates to form CO2 occurs at higher temperatures, between 1023 and 1273 K [JUDD, L'VOV, MAITRA]. However, in this case, the generation of CO 2 begins as early as at 833 K and runs up to 1273 K. The x-ray difffraction patterns of Figure 7 show the appearance of a peak (2θ ≈ 36°) at 873 K, which corresponds to the formation of the perovskite structure of BaTiO 3 /SrTiO 3 . Therefore, the weight loss from 773 to 1323 K can be considered a single stage that varies with Sr content. It is directly related to the CO 2 excess from the carbonates used as starting powders (see Equation 1 ). It is the difference between the weight of the (1-X)BaCO 3 + XSrCO 3 + TiO 2 starting powders and that of the resulting Ba (1-X) Sr X TiO 3 . Table 1 lists the total weight loss, the loss in the different stages, and the weight loss expected from CO 2 liberation. For the group of samples as a whole, an approximate 5% weight loss was observed between RT and 773 K, and the weight loss from 773 to 1323 K corresponds closely to the stoichiometric CO 2 loss. The thermogravimetric plots also show a correlation between the Sr content and the temperature at final weight loss (zero slope section). For example, the BST0 sample stops losing weight at around 1193 K but the BST10 (with highest Sr content) at around 1273 K. The temperature at which no more weight loss is observed marks the end of the reaction, as corroborated by the XRD measurements ( Figure 7) . The thermogravimetric curves can therefore be used as guides to establish the reaction temperature in the BSTx system. Fig. 9 . X-ray diffraction patterns of (1-X)BaCO 3 + XSrCO 3 + TiO 2 powder milled and heat treated at 1273 K for 1 h. The crystal structure is perovskite-type ABO 3 .
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The diffraction patterns for the range of samples after milling and thermal treatment at 1273 K for 1 hour are shown in Figure 9 . All the samples present the perovskite-type structure ABO 3 , indicating the reaction was successfully completed. The formation temperature of the BaTiO 3 phase coincides with that reported by L. B. Kong [KONG] , where the rutile phase of titanium oxide (TiO 2 ) was used instead of TiO 2 anatase phase. The peaks shift to higher angle as the Sr content increases. For example, the most intense BaTiO 3 peak in Figure 10 shifts from 36.79° for the BaTiO 3 (BST0) to 37.77° for SrTiO 3 (BST10). This shift corresponds to a reduction in unit cell size, consistent with the difference between the ionic radii of Ba 2+ (1.34 Å) and Sr 2+ (1.12 Å). The ABO 3 perovskite structure refers to the relative position of the Ba 2+ , Sr 2+ and Ti 4+ ions with respect to oxygen (O 2-). The structure can present as different phases, depending on the material and temperature. For the BSTx system it may be cubic or tetragonal at room temperature, depending on the strontium content. In this case, we observed the cubic phase after 1 hour of heat treatment at 1273 K (Figure 9 ). The relationship between the cubic and tetragonal phase and the volume of the unit cell will be discussed in more detail when disucssing compaction. Figure 9 , showing the shift in peak position with increasing Sr content from X = 0 (BaTiO 3 ) to X = 1 (SrTiO 3 ).
Sintering
During conventional manufacture (solid-state reaction) the starting oxide powders are first milled and calcined. The reacted powders (having the desired stoichiometry) are milled once again to reduce the particle size. They are then compacted into disks or other shapes (green ceramic) and finally, thermally treated to sinter the compact. At the sintering temperature, the ceramic particles coalesce with each other to form grains, the material shrinks and the pores are eliminated [KINGERY] . The alternative manufacturing route of the present work is more straightforward. The starting powders are milled only once to homogeneize and reduce the particle size before being compacted into disks or other shapes. The green ceramics are thermally treated at the reaction temperature (1273 K) to obtain the perovskite-type structure ABO 3 . A second heating step is subsequently applied to sinter the ceramic (Figure 1 ). In this way, dense ceramics (>90% of the theoretical density) are obtained. The sintering temperatures of the samples with intermediate stoichiometry varied between 1523 K for pure BaTiO 3 and 1573 K for pure SrTiO 3 . The temperatures were empirically determined. Such reduced sintering temperatures can only be applied to powders with particle size smaller than 50 nm, which is uniquely attained in our alternative route, thanks to the high energy milling. Whenever the BaTiO 3 samples were sintered at temperatures higher than 1523 K, severe strain was observed as the melting temperature of the material (1898 K [PRADEEP]) was approached. Ceramic shrinkage, or pore reduction, is directly related to the initial particle size, as shown in Equation 2 [KINGERY]:
where d and d 0 are the initial and final grain diameters, respectively, k is a constant, and t is the processing time. Sintering temperatures for the conventional route of ceramic preparation are reported to be between 1623 and 1703 K [ZHONG, WODECKADUS, TERANISHI]. The x-ray diffraction patterns of the thermally treated BSTx ceramics ( Figure  11 ) clearly show the perovskite-type structure. As in the case of the powders, the peaks shift to higher angle as the Sr content increases. From Figure 12 it can be seen that the strongest peak shifts linearly (~0.1º) for each 0.1 increase in X (Sr content), and thus can be used to determine the sample composition (stoichiometry). Figure 13 plots the peak position as a function of the Sr content. All the thermally treated BSTx ceramics have the correct stoichiometry and present the perovskite-type structure ABO 3 . However, the structure can be either tetragonal or cubic at room temperature depending on the processing conditions. For the BaTiO 3 the relative position of the (002) and (200) peaks determine the tetragonality of the phase, i.e., the ratio of the lattice parameters c/a. Such peaks appear at approximately 2θ = 53°. (002) and (200) reflections of sintered ceramics BST0, BST1, BST2 and BST3 providing a measure of the c/a ration.
The phase is cubic and paralectric if the c/a ratio = 1. In such a case there is only a single peak near 2θ = 53°. If c/a > 1 the phase is tetragonal and ferroelectric. In such case there is a double peak. Figure 14 shows the BST0, BST1 and BST2 samples have a double peak, while sample BST3 apparently has only a single peak. Rietveld refinement (using Maud Program) was performed on the diffraction patterns of Figure 11 in order to determine the unit cell lattice parameters. The results, presented in Figure 15 , show a gradual decrease in lattice parameters with increasing Sr content. This is due to the substitution of strontium Sr 2+ ions (with ionic radius of 1.12 Å) for barium Ba 2+ ions (with ionic radius of 1.34 Å). The tetragonality (c/a) decreases also from 1.008 (BST0) to 1.0014 (BST3) while for BST4 to BST10 it has value of 1. Differential scanning calorimetry (DSC), Raman spectroscopy, as well as the ferroelectric and dielectric measurements confirmed this phase transition, and are presented below, along with the cubic-to-tetragonal phase transition temperature (Curie temperature).
Ceramic Sample
Position in 2θ 
Density
With the actual volume of the unit cell and considering the number of barium, strontium, titanium and oxygen atoms composing the ABO 3 unit cell, the theoretical density can be calculated using:
Unit cell mass Theoretical Density
Unit cell volume =
The unit cell volume (a 2 × c) was calculated using the results of the Rietveld analysis. The mass of the unit cell is calculated considering 3 oxygen, 1 titanium, (x) strontium and (1-x) barium atoms. The bulk density of the samples was determined by the Archimedes method. Figure 16 plots the bulk density as percentage of the theoretical density. All samples have bulk densities higher than 90% of theoretical, proving that the alternative fabrication route can attain a high densification of the ceramics. The density caluclation and measurment results are presented in Table 3 .
BSTx Sample
Unit cell volume (Å 3 ) 
Curie temperature (Tc) via differential scanning calorimetry
DSC measurements were conducted from 203 to 423 K in a nitrogen atmosphere with a heating rate of 20°C/min. Figure 19 presents the DSC curves for samples BST0 to BST3. The cubic to tetragonal phase transition (Curie temperature, Tc) is an endothermic event. Tc decreases with increasing content of Sr in the samples, i.e., as the Sr 2+ ions replace Ba 2+ ions. This behavior was previously reported by Rupprecht and Bell [RUPPRECHET] .
The linear dependence between the Tc and at. where Tc is the Curie temperature and x is the Sr content in at.%. . Tc for samples BST6 -BST10 were not experimentally determined due to exceeding the temperature range of the differential scanning calorimeter. The shoulder at around 180 cm -1 in bulk BaTiO 3 is attributed to the coupling of the three disharmonic phonons A1 (TO) [VENKATESWARAN, FREY] . Figure 23 shows the Raman scattering spectra of the BST0 sample at different temperatures. The 250, 520 and 720 cm -1 bands as well as the 306 cm -1 peak decrease gradually as the temperature increases. At 403 K, the sharp 306 cm -1 peak disappears, indicating the transition from cubic to tetragonal phase (Tc). The transition temperature was previously reported by C. H. Perry [PERRY] . Thus, the sharp peak around 306 cm -1 indicates whether the BSTx system is in the tetragonal or cubic phase. The relative intensity of the 306 cm -1 peak as a function of temperature for BST0 is presented in Figure 22 . Figures 24 and 25 show the temperature-dependent Raman scattering spectra for BST1 and BST2, respectively. The cubic to tetragonal phase transition is observed in the range from 363 to 373 K for BST1 and 333 to 343 K for BST2. Both ranges match those determined by DSC. Figure 26 shows the Raman scattering spectra for BST1 to BST5 at room temperature. Samples BST4 and BST5 do not present the sharp peak at 306 cm -1 , i.e., they have a stable cubic phase and a tetragonality of 1 (c/a = 1). These results are consistent the XRD and DSC results presented earlier. Fig. 26 . Raman scattering spectra at room temperature for BST1, BST2, BST3, BST4 and BST5.
Curie temperature (Tc) via Raman spectroscopy
Dielectric and ferroelectric properties
Dielectric constant
When a polycrystalline ferroelectric ceramic is cooled below its Curie temperature, some of its properties undergo strong changes. For example, the dielectric constant (ε) shows a maximum at Tc for BST0, BST1 and BST3 at 0.1, 1.0, and 100 kHz (Figure 27 ), a typical ferroelectric behavior of perovskite-type materials [MILLAR, STANFORD]. A widening of the peak at Tc has been reported to occur with decreasing grain size [KINOSHITA, SAKABE]. The dielectric constant has a magnitude larger than 1000 within most of the measured temperature interval, and it decreases at higher frequencies. This effect has been observed in BaTiO 3 ceramics containing Zr [DEB] and in those containing Na and Bi (BTNx) [GAO] . The dielectric constant has polar and ionic parts, therefore, the dielectric dispersion can be attributed to the dipoles ceasing to contribute to the dielectric constant as the frequency increases [MERZ, 1954] . The dielectric relaxation effect occurs at frequencies where the electric dipoles can no longer follow the oscillation of the applied electric field. The relaxation frequency can be determined by a drop in the real part of ε and a maximum in the imaginary part [RAVEZ] . Although there is dielectric relaxation in the BSTx samples, the material does not present typical reflexor behavior. That is, there is no change in the position of Tc when the frequency changes. Another ferroelectric material with such a behavior is Pb(Mg 1/3 Nb 2/3 )O 3 [KOVALA] . The determined Tc's agree well with those obtained by DSC and Raman. The dielectric constant peak values are 3.179, 6.540 and 4.432 for BST0, BST1 and BST3 ceramics respectively, 2 to 3 orders of magnitude larger than those of other materials conventionally used in capacitors or CMOS (complementary metal oxide semiconductor) devices [ROBERTO, WILK] .
All of the BSTx samples showed a maximum in the dielectric constant at Tc. Above this temperature, the dielectric behavior obeys the Curie-Weiss law and has the form [BURFOOT]:
where ε is the dielectric constant (material permittivity), C is the Curie-Weiss constant, T is the temperature of the material and T 0 is the Curie-Weiss temperature.
Ferroelectric hysteresis loops
When an external electric field E is applied to a dielectric material, it produces a P vs. E curve. In the case of ferroelectric materials there is a delay in the P response to the E stimulus, i.e., hysteresis. A freshly manufactured ferroelectric has a zero spontaneous net polarization (P s =0). When an external electric field is applied, nucleation and growth of the ferroelectric domains occur [MERZ, 1954] .
The shape of the ferroelectric curve P = f(E) depends on both time and temperature. In the present work, ferroelectric measurements were performed at room temperature (~298 K) at a fixed frequency of 100 Hz using a comercial Sawyer-Tower circuit (ferroelectric RADIANT Test System) [SAWYER and TOWER] . Figure 28 presents the hysteresis loops for BST0, BST1, BST2 and BST3. The P-E urves exhibit the typical behavior of polycrystalline ferroelectric ceramics [MERZ, 1953] . The remanent polarization (P r ) is low compared to that of BaTiO 3 single crystals (>20 µC/cm 2 [SRIVASTAVA]), but higher than that of nanocrystalline BaTiO 3 (P r < 1 µC/cm 2 [BUSCAGLIA]). It is comparable to that of BaTiO 3 ceramics with grain sizes of around 1 µm [TAKEUCHI]. [ENG 1998, CHO] and reconstruction of the three-dimensional orientation of the domains [ENG, 1999] . Figure 29 is a diagram of oriented domains in ferroelectric grains. Figure 29 (a shows a domain up and one down (antiparallel ), separated by domain walls (gray stripe). The adjacent domains are oriented in opposite directions (180°). If these domains are observed from above, we would see that the direction of the domains are perpendicular to the surface, either pointing down into the sample (crosses) or up out of the sample (circles)., Both types are described as out-of-plane (OOP) (Figure 30) . Figure 29 (b shows domains oriented at 90º ( →) relative to one another. If these domains are observed from above, we would see domains in the plane of or parallel to the surface. These dominains are described as in-plane (IP) (Figure 30 ). It isimportant to note that Figure 29 represents the ideal case of monocrystal domains ideally oriented, i.e., the direction of the observed polarization vectors are orthogonal. For the real case of a polycrystalline ceramic, the direction of the polarization vector would be random, i.e., a domain can point in any direction in 3D space. Therefore, the signals from piezoresponse measurements in OOP or IP are the projections of these random polarization vectors. 
Piezoresponse Force Microscopy (PFM)
Ferroelectric domain observation
(a (b
Contact Resonance-Enhanced Piezoresponse Force Microscopy (CR-PFM)
In addition to the conventional PFM technique there is another mode called contact resonance-enhanced PFM or CR-PFM [HARNAGEA]. R-PFM is based on the same principles of operation of as PFM, the only difference being the value of the frequency of the alternating voltage applied to the tip (V AC ). For contact resonance frequencies (CR-PFM), the strain amplitude response of the material can be more than one or two orders of magnitude higher than the amplitudes recorded by conventional PFM (quality factor Q) [HARNAGEA] . In other words, R-PFM is more sensitive than PFM and can be applied to materials whose piezoelectric constants (d ij ) are very small. Quartz 3 Table 5 . Piezoelectric constants of different materials.
The piezoelectric constant (d 33 ) indicates how much the material will be deformed (in picometers) for each applied volt (V) applied. or Fmaterials with a low piezoelectric constant, it would be necessary to amplify the piezoresponse signal by applying a high voltage, risking a change in piezoelectric response. In such cases, R-PFM is an alternative to observe ferroelectric domains while still using a low voltage. The samples were not attacked by any chemical or mechanochemical process, insuring that topography did not contribute to the piezoresponse signal. AFM images of the contact resonance mode piezoresponse (CR-PFM) for BST0, with a grain size of 1-2 µm, are shown Figure 31 . The three images, taken of the same area and at the same time, show (a) the topography, (b) the OOP piezoresponse amplitude, and (c) the OOP piezoresponse phase. Measurements were performed over a 5 x 5 µm area, using an applied voltage was 2V and a contact resonance frequency of 1350 kHz. The amplitude and phase piezoresponse images present different characteristics. In the Figure 31b , the piezoresponse amplitude image allows us to visualize domains that leave or enter of the surface (OOP), where the amplitude A c a n b e t h e s a m e f o r antiparallel dominions ( ). Different regions are distinguished by their gray tones, delimited by black contours, which correspond to the ferroelectric domain walls. The domain walls are not observed in the topography, as that would have required etching (chemical attack) [FETEIRA] . Regions that appear as similar shades of gray in the piezoresponse amplitude image (Figure 31b ) appear as contrasting bright and dark in the piezoresponse phase image (Figure 31c ). This indicates a phase shift of 180˚ from one domain to another, but with the same piezoresponse amplitude.
Results of R-PFM for
These results show that the R-PFM images of amplitude and phase are not influenced by the topography of the samples. In contrast, standard measurements of piezoresponse force microscopy (PFM) were performed at 20 kHz with an alternating voltage (V ac ) of 2-15 V without obtaining a piezoelectric response. A piezoresponse was obtained with contact resonance frequencies (~1350 kHz), with a quality factor Q betwen 50 and 100. Taking into account both the quality factor Q and the piezoresponse signal reported about 190 pm/V and to 419 pm/V [SHAO] for the case of BaTiO 3 , we can estimate a small piezoelectric constant of our material is of the order of units or tens of pm/V. 
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Conclusion
The mixed oxides modified route (solid-state reaction) is a direct alternative to obtain highly densified BSTx ceramics. In this route, the high-energy ball milling and the applied heat treatment allowed the preparation of nanometric powders (less than 200nm) with Perovskite-type structure ABO 3 . The Curie temperature of the BSTx ceramics was unambiguosly determined as a function of temperature by several techniques: Raman spectroscopy, differential scaning calorimetry, and measurements of dielectric constant. This temperature was succesfully tuned from 87 K to 400 K by varying the Sr/Ba ratio, as expected. However, a shifting in the orthorhombic to tetragonal phase transition was observed in the sintered ceramics. For instance, the OTPT for the BST0-BST2 samples was shifted down 17-27 K with respect to the literature. The origin of this shifting is probably residual stresses associated to the fine-grained microstructure of the sintered samples.
The group of BST0, BST1, BST2 and BST3 ceramics present P(E) curves with ferroelectric behavior at room temperature. The other cases present paraelectric behavior. Moreover, the BST0, BST1and BST2 samples present rather low maximum and remanent polarization and coercive fields. BSTx ceramics (x = 0, 1, 2, 3) displayed piezoelectric response in the contact resonance piezoresponse force microscopy mode (CR-PFM). The polycrystalline BSTx ceramics showed ferroelectric domains with sizes several times smaller than the grains.
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